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We investigate single-channel and multichannel phase-
sensitive amplification (PSA) in a highly nonlinear, CMOS‐
compatible spiral waveguide with ultralow linear and 
negligible nonlinear losses. We achieve a net gain of 10.4 
dB and an extinction ratio of 24.6 dB for single channel 
operation, as well as 5dB gain and 15 dB extinction ratio 
spanning over a bandwidth of 24 nm for multiple channel 
operation. In addition, we derive a simple analytic 
solution that enables the calculation of the maximum 
phase‐sensitive gain in any Kerr medium featured by 
linear and nonlinear losses. These results not only give a 
clear guideline for designing PSA‐based amplifiers, but 
also show that it is possible to implement both optical 
regeneration and amplification in a single on‐chip device. 
© 2017 Optical Society of America 
OCIS codes: (190.4410) Nonlinear optics, parametric processes; 
(190.4380) Nonlinear optics, four-wave mixing; (190.3270) Kerr effect.  
 
Nonlinear optical parametric processes have been used in a wide 
variety of fields ranging from optical signal processing [1, 2] and 
frequency comb sources [3] to quantum photonics [4, 5]. In 
particular, phase-sensitive amplification (PSA), a parametric 
scheme exploiting phase-dependent optical gain, has shown great 
promise in both classical and non-classical optical applications. 
Specifically, in fiber-optic communications, PSA-based regenerators 
have been applied to higher-order modulation formats [1], and 
PSA-based amplifiers have demonstrated the capability to 
overcome the 3 dB quantum noise limit imposed by stimulated-
emission-based amplifiers such as Raman and erbium-doped fiber 
amplifiers (EDFAs) [2].  In quantum optics, PSA has been used to 
generate squeezed states of light [4] and to noiselessly amplify 
entangled photon sources [5]. So far, PSA applications have mainly 
been based on optical fibers or temperature-controlled 𝜒(2)-PPLN 
waveguides. In order to exploit these effects in scalable and compact 
implementations, on-chip 𝜒(3) PSA has recently been realized in 
various platforms since the first demonstration on chalcogenides [6, 
7], such as crystalline [8, 9] and amorphous [10] Si, GaInP [11], 
AlGaAs [12], as well as SiGe [13]. However, in these material 
systems, either the platform lacks of compatibility with CMOS 
fabrication processes [6, 7, 11, 12] or the important parameters of 
the PSA, such as the net gain or extinction ratio (ER), are limited due 
to high linear [10] and nonlinear [8] losses, unless PIN junctions are 
employed at the cost of increased device complexity [9]. Therefore, 
a stable CMOS-compatible nonlinear platform with low loss is 
highly desirable for PSA applications. In parallel to these 
developments in materials and optical integration, novel schemes 
have been devised to increase information processing capabilities, 
among them multiple-frequency operation over broad optical 
bandwidths. However, only a few woks on PSA report the 
simultaneous processing of two or more channels in a single device, 
e.g. PPLN waveguides [1] and optical fibers [14, 15], while all 
investigations of on-chip 𝜒(3) PSA have been restricted to a single 
channel [6-13]. Indeed, thus far, the investigation of multi-channel 
PSA has not been carried out in an integrated 𝜒(3)medium.   
In this work, we experimentally investigate single- and multi-
channel one-pump PSA processes in a CMOS-compatible, high-
refractive-index glass waveguide made from Hydex glass [16]. The 
ultra-low propagation loss (0.08 dB cm-1), moderate nonlinearity 
(𝛾 = 0.22 W−1m−1), and negligible nonlinear loss in the C-band 
enable a large net gain of 10.4 dB and a significant ER of 24.6 dB for 
single channel PSA in a 45 cm-long spiral waveguide. Additionally, 
we demonstrate four-frequency-channel PSA with an ER of 15 dB 
and a net gain of 5 dB, with tunable operation achieved by 
controlling the initial phases of the individual channels.  Finally, we 
derive a simple analytic formula capable of predicting the net gain 
in any 𝜒(3) media in the presence of linear and nonlinear losses.  
 
Fig. 1.  Experimental setup. The strong pump and weak signal/idler 
pairs were sliced by a spectral pulse shaper (SPS) from a broadband 
mode-locked laser (MLL) pulse with a 16.8 MHz repetition rate. The SPS 
was also used to control the power and phase change of each mode, e.g. 
Δ𝜙, in the pump phase. The TE polarization is guided into a pigtailed 
Hydex waveguide (45-cm long), where the PSA process occurs. The 
phase-dependent output spectrum was recorded by an optical spectral 
analyzer (OSA). The blue traces are schematics of the spectral intensity 
profiles at each stage. 
The high-intensity pump and phase-locked low-intensity 
signal/idler fields were generated by using a spectral pulse shaper 
to spectrally tailor a broadband input pulse from a mode-locked 
laser (Fig. 1). In order to achieve sufficient optical power, we also 
used an EDFA after spectral tailoring of the initial pulse (not shown 
in Fig. 1). To eliminate any PSA in the EDFA, we implemented a 
temporal delay between the pump and signal/idler waves [6-8], 
which was reversed before injecting it into the chip. Using a 
polarization controller, the field was then coupled to the TE mode of 
our pigtailed waveguide, where the PSA occurred through the 
degenerate four-wave mixing (FWM) process [7]. This process was 
then characterized by changing the relative spectral phases 
between the different channels, e.g. via changing the phase of the 
pump field (e.g. Δ𝜙 in Fig.1) and/or the weak fields. The output 
spectra were recorded by means of an optical spectral analyzer. The 
total loss of the waveguide was 7 dB, including the coupling loss of 
1.75 dB/facet and a total propagation loss of 3.5 dB over the 45 cm 
length of the spiral waveguide.  
We first investigated single-channel PSA gain with one pair 
of signal and idler fields. The input signal/pump/idler pulses 
with a temporal width of 8 ps were centered at 1551 nm, 1555 
nm, and 1559 nm, respectively. The peak power of the signal/idler 
was 𝑃s,i = 0.14 W. In order to show that the gain experienced 
by the weak fields is phase-dependent, we changed the pump 
phase with a detuning step of 0.1 rad over the range [0, 𝜋] 
(equivalent to one period) while keeping the signal and idler 
phases constant. We characterized the on-chip gain (𝐺) of the 
weak waves as the ratio between their output and input intensities 
[7].  As the gain curves for the signal and idler were identical within 
the measurement uncertainty, only the signal gain was considered 
(Fig. 2(a)).  We obtained a maximum gain (Gmax) of 9.8 dB at Δ𝜙 =
0.10𝜋 and a minimum gain (Gmin) of -14 dB at Δ𝜙 = 0.61𝜋 for an 
input peak pump power of 42 W. This corresponds to an ER of Gmax 
– Gmin = 23.8 dB. Similar to other on-chip platforms [6-13], the 
unitary PSA relationship of 𝐺max × 𝐺min = 1 does not hold for our 
high nonlinear material platform due to the propagation loss [7]. 
Our experimental observations showed excellent agreement with 
the numerical calculations obtained by solving the nonlinear 
Schrödinger equation (NLSE) using the split-step Fourier method 
[7], see inset in Fig. 2(a). In our calculations, the waveguide 
dispersion at the pump wavelength is estimated up to the fourth 
order, see [16] for explicit values. Note that although the input 
signal/idler powers are set to 23 dB lower than the pump, in order 
to minimize cascaded FWM among the input channels, the 
contribution of cascaded FWM is still clearly observable in the 
output spectrum.  
 
Fig. 2.  (a) Experimental (squares) and numerically calculated (solid 
line) phase-sensitive gain of the signal wave at a peak pump power of 42 
W, as a function of the pump phase detuning (Δ𝜙) with a periodicity of 
𝜋. Inset: Simulated results (blue and green) agreed with the measured 
output spectra at the maximum (Gmax) and minimum (Gmin) gain, 
respectively. (b) Both the maximum gain and extinction ratio (ER) 
increase with the pump power without reaching saturation.  
Next, we investigated the effect of the pump power on the PSA 
gain. In particular, we repeated the process of Fig. 2(a) at each pump 
power and characterized the power-dependence of Gmax and ER, see 
Fig. 2(b). At low pump powers, since the signal’s gain is dominated 
by propagation loss in the integrated waveguide, the gain curve 
converges to -3.5 dB, and thus the ER approaches zero dB. At higher 
power levels, both Gmax and ER increase gradually with the pump 
power. The measured 10.4 dB Gmax and 24.6 dB ER are comparable 
to the best values found in the literature, which are 12.5 dB Gmax 
obtained in chalcogenides [7] and 28.6 dB ER achieved in SiGe [13], 
respectively.  Remarkably, both of these values do not exhibit a clear 
saturation at high powers in the Hydex waveguides, in contrast to 
other platforms, such as silicon, GaInP, and chalcogenide 
waveguides. This lack of saturation here agrees with the fact that an 
unsaturated FWM conversion (i.e. phase-insensitive operation) 
was observed in the same platform with a maximum peak pump 
power up to 40 W [16].  However, in silicon and GaInP, the nonlinear 
and (high) linear loss significantly limit the maximum gain to a few 
dBs [8-11], while in chalcogenide waveguides, the ER saturates due 
to a reduction in the absolute value of the minimum gain [7].  
We then investigated four-frequency-channel PSA in our low-
dispersion Hydex waveguides. To cover the required spectrum, we 
used a different laser with a broader spectral bandwidth. The pulse 
duration and spectral bandwidth was chosen to be the same 
for the single- and multi-channel operation, however in the 
latter case, a larger over-all bandwidth associated to the 
seeded waves was required. This resulted in an available 
peak power of 22 W for the pump and of around 10mW for 
each individual spectral channel. The pump wavelength was 
fixed at 1550 nm and all the signal/idler channels were 
symmetrically frequency detuned from the pump with a 440 GHz 
equidistant channel separation. To achieve multi-channel PSA, we 
first obtained the relative phase for the minimum gain in each 
channel (i.e. without any other channels active), and then 
compensated the corresponding phase offsets in the weak waves at 
the spectral pulse shaper. We were able to obtain selective 
amplification, e.g. the first and third channels experienced losses 
while the second and the fourth channels were amplified, and vice 
versa, as shown by the gain curves in Fig. 3(a). This was confirmed 
by the corresponding output spectra at minimum and maximum 
amplifications (Fig. 3(b)). Furthermore, the four-channel 
synchronous amplification shown in Fig. 3(c) was achieved by 
adding an initial 𝜋 phase in channel two and four. On average, we 
achieved a maximum gain of 5 dB (specifically, 6.2/5.3/4.2/4.3 dB 
at the 1st/2nd/3rd/4th channel, respectively) and an ER of around 15 
dB for all the channels in both the selective and synchronous 
amplification cases. These values are consistent with the results of 
the one-channel case shown in Fig. 3(a) at a pump power of 22 W. 
The total bandwidth considering all four-channels was 24 nm, 
limited by the experimental setup (i.e. the bandwidths of the laser 
and the spectral pulse shaper). Thanks to the low anomalous 
dispersion and uniform propagation loss, this PSA operation 
bandwidth can be extended to 200 nm, as attested by a modulation 
instability gain over such a large spectral window in the phase-
insensitive case [16]. For instance, the calculated temporal walk-off 
was less than one picosecond and the measured loss variation was 
< 2 dB over a 200 nm spectral bandwidth.  
 
Fig. 3.  (a) Selective amplification of individual channels. The 1st and 3rd 
channels were amplified while the 2nd and 4th channels were attenuated, 
and vice versa. (b) Input (dashed) and output (solid) spectra for the 
maximum and minimum gains in (a). (c) Gain curves of the 
synchronized amplification for the four channels. All the channels reach 
the maximum and minimum gains at the same phase detuning. (d) Low 
crosstalk in the four-channel operation. Phase-sensitive gain only 
occurs in the 2nd channel while the other channels remain nearly 
constant when a phase detuning is selectively applied in channel 2nd.  
We analyzed the crosstalk among the multiple PSA channels by 
changing the phase in the 2nd channel of one period while leaving 
the pump phase fixed, when all the channels were synchronized. It 
was confirmed that only the gain in channel 2 was phase-sensitive, 
in contrast to that in the other channels, as shown in Fig. 3(d). The 
small crosstalk (~ 1dB gain variation in 1st channel) was due to 
multiple-seeded and cascaded FWM processes. These spurious 
effects are more of a problem in our case as the generated FWM 
components spectrally overlap with the seeded signal/idler fields. 
To avoid crosstalk, the spectral locations of the weak waves need to 
be considered carefully. For example, the frequency separation of 
the common pump with each signal should be a non-integer 
multiple of their channel spacing.  In addition, this crosstalk effect 
can be further minimized by reducing the input signal powers. 
Based on our experiment and numerical simulations, we suggest 
that the input powers of the signal and idler input fields should be 
30 dB lower than the pump power.   
In practical PSA-based applications, a large ER is desirable for 
optical regeneration and generation of squeezing light, while high 
gain PSA is critical for low-noise amplifiers. Although on-chip PSA 
with large ER (e.g. >20dB in [9]) has been demonstrated in various 
platforms, the maximum gains reported are usually only a few dBs 
(<4 dB in [9]) due to high linear and nonlinear losses. Thus, it is 
important to assess which mechanism fundamentally limits the net 
gain in these platforms. A semi-analytic solution of the one-channel 
PSA process has been derived assuming a slow variation of the 
pump depletion along the propagation distance [17]. Here, we 
provide a simple analytic formula to estimate the maximal gain 
(𝐺max) in any Kerr platform in the presence of linear and nonlinear 
absorption. In a PSA process, the weak waves simultaneously 
experience amplification due to the parametric process and 
attenuation because of the loss. Therefore, assuming that phase-
matching is satisfied, 𝐺max is the product of the two processes, 
 𝐺max = exp(𝜙eff) = exp(𝛾𝑃𝐿eff) × exp(exp (−𝛼s𝐿))       (1) 
Here we define the effective phase shift 𝜙eff = 𝛾𝑃𝐿effe
−𝛼s𝐿 to 
consider both the generation and the attenuation experienced by 
the signal, given by exp(𝛾𝑃𝐿eff) and  exp(exp (−𝛼s𝐿)). The 
effective length is 𝐿eff = 𝑎p
−1(1 − e−αp𝐿), while 𝑃 = 2𝑃in and 𝑃 =
𝑃1,in + 𝑃2,in for the one- and two-pump cases. Here 𝑃inis the single 
input pump power. The total losses 𝛼s,p on the signal and pump 
include linear and nonlinear contributions depending on the 
platform used. Since the derivation and conclusion are similar for 
materials with TPA, e.g. silicon, and multiple photon absorption, e.g. 
GaInP [11, 17], here we take only silicon as an example. To fairly 
compare the material intrinsic properties, we assume that the TPA-
induced free-carrier effects can be minimized by using a PIN 
junction [9]. Since the TPA-induced attenuation 𝛼TPA on the signal 
is twice as strong as on the pump due to cross-phase modulation 
[18], we obtain 𝛼p = 𝑎 + 𝛼TPA while 𝛼s = 𝑎 + 2𝛼TPA, with 
𝛼TPA = 𝐿
−1 ln(1 + 𝛾tpa𝑃𝐿0), 𝐿0 = 𝑎
−1(1 − e−α𝐿), waveguide 
length L and effective TPA coefficient 𝛾tpa. Here 𝛼TPA is derived 
from [18] by rewriting Eq. (2) in the form 𝑃out = 𝑃ine
−𝛼𝐿e−𝛼TPA𝐿. 
Therefore, we emphasize that both linear and nonlinear losses have 
a two-fold contribution in reducing the signal gain, i.e., they not only 
limit the PSA gain by depleting the pump power during propagation 
(and thus 𝐿eff), but also attenuate the amplified waves. The 
interaction between generation and attenuation determines the 
maximum gain. To assess the validity of our approach and simple 
formula, we summarized the maximum gains in a variety of 𝜒(3)-
platforms with different values of linear and nonlinear losses 
(see Fig. 4(a)). Good agreement was obtained between the 
experimental gain reported in the literature (squares) and the 
analytical predictions (solid line) obtained from Eq. (1). 
To compare the performance of PSA in different integrated 𝜒(3)-
media, we summarized the ERs and maximum gains in Fig. 4. A 
large Gmax should result in a large ER according to its definition. In 
addition, in the lossless case, the ER is simplified to be twice the 
maximum gain (dashed line). Although this relation does not hold 
for on-chip PSA, we can still clearly observe a trend where the ER 
generally increases with the maximum gain. Among these media, 
low-loss Hydex is the only platform which has demonstrated a net 
gain >10 dB and an ER >20 dB. For materials with a large 
nonlinearity, both the nonlinear and the (large) propagation loss 
significantly restrict the maximum gain, although they might not 
impact the extinction ratio. For example, while the nonlinearities in 
silicon nanowires [9] and GaInP photonic crystal waveguides [11] 
are at least one order of magnitude larger than those of 
chalcogenide and Hydex, their high TPA and large linear loss (30 
dB/cm) limit the achievable net gains to 4 dB and 3 dB, respectively. 
Therefore, although a large community in nonlinear photonics is 
heavily pushing for new platforms with high nonlinearity [10-13], 
we may suggest that developing platforms with moderate 
nonlinearity and low loss is a more efficient way to improve 
nonlinear performances, particularly for parametric processes 
involving multiple wave interactions, e.g. PSA.  
 
Fig. 4.  (a) Our derived analytic formula in Eq.(1) (solid line) is capable of 
predicting the maximum gains (squares) in various 𝜒(3)-based PSAs 
with linear and nonlinear loss effects. (b) The extinction ratio (ER) of 
integrated PSA generally increases with its maximum gain (Gmax). In the 
lossless case (dashed line), 𝐸𝑅 = exp(2𝛾𝑃𝐿) = 𝐺max
2  [7]. PhC is short 
for photonic crystal. Hydex has been demonstrated to provide both a 
large gain (>10 dB) and extinction ratio (>20 dB).  
We can use Eq. (1) to determine what limits the net gain in 
materials exhibiting both linear and nonlinear losses. Considering 
silicon as an illustrative example, a 10 dB gain requires an effective 
phase shift of 𝜙eff~0.74 𝜋 according to Fig. 4(a). Using 200 mW 
input peak power in a 5-cm long typical silicon nanowire, we found 
that, due to the two-fold-attenuation of TPA, such a phase shift 
necessitates a propagation loss as low as 0.2 dB/cm. This ultralow 
loss is very challenging for even state-of-art fabrication technologies 
(which is 0.45 dB/cm [19]). A similar conclusion has been originally 
drawn in both [20] and a very recent work [21]. Furthermore, 
according to our calculations, the idea of moving from the 
telecommunications window to the spectral region around 2.2 μm 
(where the TPA vanishes) does not guarantee a larger phase shift, 
because the nonlinearity also decreases after reaching its maxima 
at a wavelength of 1.9 μm [22]. Instead, the required effective 
phase shift is achievable in silicon waveguides with a propagation 
loss of 0.45 dB/cm at a wavelength of 1.9 μm by taking advantage 
of the large nonlinearity and moderate TPA.   
In conclusion, we investigated single- and multi-channel one-
pump phase-sensitive amplification in a Hydex waveguide. We 
show the simple manipulation of the individual channels via 
adjustments of their initial phase. We find that any (linear or 
nonlinear) loss fundamentally limits the maximum gain in 𝜒(3)-
media due to a two-fold-attenuation effect. By combining an ultra-
low loss and a moderate nonlinearity, Hydex can exhibit a large net 
gain (>10 dB) along with a significant extinction ratio (>24 dB), not 
achievable in other integrated Kerr media despite their higher 
nonlinearities. We further extend this scheme to multi-channel PSA, 
and our results suggest that multi-channel on-chip PSA is a 
promising scheme for controlling and manipulating optical 
channels in signal processing, and that Hydex waveguides are an 
attractive medium for this PSA scheme, without the need for 
implementing PIN junctions or any other additional complexity. 
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